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1 INTRODUCTION 
Pile driving is one of the main offshore installation 
methods for large monopiles or smaller piles support-
ing the corner of jacket structures. One of the disad-
vantages of this method is the large amount of under-
water noise generated by the repeated impact of the 
hammer on the pile, which can be harmful for marine 
inhabitants (Bailey et al., 2010). Mitigation methods 
such as bubble curtains (Koschinski & Lüdemann, 
2013), can be very expensive with an important-
carbon footprint. Subsequently, there is a need for in-
novative and silent piling installation methods.  
 Pile jacking generates very low noise during instal-
lation, as it does not require impact. However, large 
reaction force is necessary to install a pile to a target 
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depth. The press-in piling method overcomes this 
hurdle by using previously installed piles as reaction 
piles (White et al., 2002) to create a retaining wall 
made of piles. The push-in concept presented here 
follows the same rationale. This concept replaces a 
traditional single open tubular pile with a cluster of 
four smaller diameter open tubular piles (Koschinski 
& Lüdemann, 2020), see Figure 1. In a number of 
strokes, each of the piles in this cluster is statically 
pushed into the soil, with two or three piles of the 
cluster providing the uplift resistance required to push 
in a third pile, with a tool gripping on the “uplift” piles 
and pushing down onto the pile that is penetrating. By 
sequentially pushing in each of the piles while hold-
ing on to two or three others, the cluster as a whole is 
penetrated into the seabed. A novelty in the push-in 
pile concept is that the installation method makes use 
of force equilibrium (uplift loads equal compression 
loads) without moment equilibrium (one side of the 
cluster is pushed down with more force than the op-
posite side). The moment equilibrium is therefore 
reached by introducing bending into the piles, some-
thing that the installation tool is specifically designed 
for. 
The Discrete Element Method (DEM) represents 
the soil as an assembly of rigid particles that obey 
Newton’s laws of motion and interact between each 
other by means of contact laws (O’Sullivan, 2011). 
The DEM is often employed to investigate soil behav-
iour at the element scale as it offers readily accessible 
information at the micro-scale, which may be used to 
uncover relevant micromechanics. 
One of the main advantages of the DEM is to eas-
ily handle large displacement and large deformation 
problems. For this reason Arroyo et al., (2011) started 
to use DEM to simulate CPT in calibration chambers. 
Ciantia et al. (2016) extended this approach to inves-
tigate crushing effects on CPT and pile jacking re-
spectively. Sharif et al. (2020) demonstrated the 
efficiency or rotary installation of piles to reduce the 
necessary crowd force by using DEM as a virtual cen-
trifuge. Liu et al. (2019) simulated jacked open-ended 
piles in 2D. They showed that the plugging mecha-
nism was related to some particle arching inside the 
pile. The closed-ended pile penetration mechanism 
was also investigated by Zhang and Wang (2015) in 
3D. 
This paper uses the DEM to simulate the push-in 
installation of a four pile cluster in a sandy material. 
The main objective is to demonstrate the feasibility of 
the technique and to investigate the main physical 
mechanisms during installation. The problem was 
first simplified as a displacement-controlled installa-
tion, to understand the interaction between the piles 
of the cluster. A force-controlled installation, more 
representative of the field installation, was finally 
simulated. All the numerical models described here 
were built using the PFC3D code (Itasca Consulting 
Group, 2019). 
2 METHODOLODY 
2.1 Preparation of the DEM sample 
The DEM framework is used to create a virtual cen-
trifuge environment with an enhanced constant grav-
ity field (Ng = 60), in order to simulate small-scale 
model and compare the results with actual centrifuge 
tests in the future. The sample is composed of sand 
particles only and represents a dry sand bed. How-
ever, it is possible to calculate an equivalent gravity 
scaling factor in saturated sand, i.e. the gravity scaling 
that would create the same initial stress distribution, 
assuming that the sand behaviour is drained through-







where Gd (=Ng = 60 here) is the acceleration applied 
to a dry sample and Gsat (= 100) is the equivalent ac-
celeration that would be applied to a saturated sample. 
The dry and buoyant densities are 𝜌𝑑  and 𝜌′  re-
spectively. Therefore, the prototype piles in an off-
shore environment are scaled to 1:100. Dimensions 
are given at prototype scale in the following. 
The sample was prepared according to the meth-
odology detailed in (Ciantia et al., 2018). A repre-
sentative elementary volume (REV) is first prepared. 
It consists of a cylindrical slice, whose diameter is 
equal to the sample diameter, but whose height is one 
fourth of the sample height. The sample outer diame-
ter is equal to 40m at prototype scale, and its height is 
equal to 60m. 
A polydisperse assembly of particles is adopted 
here to realistically represent the HST95 sand, char-
acterised by Lauder, (2010). Representing the sand 
particles at their true scale would lead to samples 
Figure 2 Comparison between experimental (from Lauder 
(2010) and scaled up (SF = scaling factor) particle size distri-
butions 
composed of millions of particles, which are far too 
computationally expensive. Therefore, the particle 
size distribution (PSD) was discretised into ten bins, 
each representing 10% of the total solid volume. Each 
marker in Figure 2 represents the particle diameter of 
one bin. A scaling factor (SF) was applied to the PSD 
to reduce the number of particles. The same SF is ap-
plied to all particles of the PSD, therefore the shape 
of the PSD is maintained, but it is shifted in size, as 
shown in Figure 2. The homogeneous upscaling of all 
particles ensures that the soil mass behaviour is the 
same whatever the SF, providing there are enough 
particles to form a REV. Such an upscaling is quite 
common for DEM simulations (Evans & Valdes, 
2011; Ciantia et al., 2019b; Zhang et al., 2019). 
The REV is composed of seven zones extending 
radially (Figure 1) populated with PSD affected by 
increasing scaling factors, ranging from 18 (centre) to 
205, as shown in Figure 2). This gradation in particle 
size is similar to mesh refinement in the finite element 
method, using smaller particles where soil-structure 
interaction occurs, while the far field can be modelled 
by larger particles. For the smallest particles, the shaft 
diameter (Dc) to average particle (d50) ratio equal to 
6. This number is greater than what is usually used in 
the literature for pile penetration such as CPTs 
(Ciantia et al., 2019b). The diameter of the central 
zone (zone 1) is equal to 5.3m.  
The particles were randomly generated within 
each zone of the REV to achieve a target relative den-
sity (on average 54% in central core). Such a process 
creates large contact forces and velocities within the 
sample. Therefore, a dissipation phase takes place 
(Khoubani & Evans, 2018), during which the kinetic 
energy of particles is zeroed every few time steps and 
large local damping is applied to the particles (0.7).  
Once the system has reached a static equilibrium, 
four REV are stacked to create the final sample. The 
gravity is set up to 60g and the target stress state (K0 
= 0.47) is achieved within the sample.  
 
 
Table 1 HST95 sand properties and DEM parameters 
Sand properties [unit] Symbol Value 
Minimum void ratio [-] emin 0.467 
Maximum void ratio [-] emax 0.769 
Critical state friction angle [°] 𝜙 32 
Sand-steel friction coefficient [°] 𝛿 0.445 
Particle dimension [mm] d10 0.09 
Particle dimension [mm] d50 0.141 
Particle dimension [mm] d100 0.213 
Particle density [kg/m³] 𝜌𝑠 2650 
Dry density [kg/m³] 𝜌𝑑 1637 
Buoyant density [kg/m³] 𝜌′ 992 
Coefficient of earth pressure at 
rest 
K0 0.47 
DEM properties [unit]   
Particle shear modulus [GPa] G 3 
Particle Poison’s ratio [-] 𝜈 0.3 
Particle friction coefficient [-] 𝜇 0.264 
 
The physical properties of the HST95 are given in 
Table 1, together with the properties of the Hertz-
Mindlin contact model adopted for the particles. The 
DEM parameters were obtained by back-calculation 
of triaxial tests (Sharif et al., 2020). The average rel-
ative density in the central core of the model is equal 
to 54%. Particles are free to move in translation, but 
their rotation was fixed. This is commonly used to 
simulate the additional restraint of non-spherical par-
ticles (Ciantia et al., 2019a) in order to capture the 
macroscopic response of the soil. 
2.2 Pile model and loading 
A cluster of four 1.52m (60”) core diameter (Dc) piles 
is simulated in this work. The spacing of the piles is 
equal to 1.5 pile diameter from centre to centre, as 
shown in Figure 3Error! Reference source not 
found.. The pile wall thickness is equal to (2.5”) 
63.5mm. Each pile is modelled as a rigid body and 
split into several parts (base and five shaft segments) 
to identify the different contribution to the penetration 
resistance. The steel to particle coefficient of friction 
is equal to 0.4.    
The pile penetration must remain quasi-static dur-
ing the installation. Therefore, the DEM simulation 
must limit the inertial effects. The inertial number (I) 
is typically estimated and must be maintained below 
a certain threshold to ensure the simulation is quasi-
static. The adopted threshold varies between 10-3 
(Khoubani & Evans, 2018) to 10-2 (Janda & Ooi, 
2016; Ciantia et al., 2019b), although recent work has 
shown that lower values could be necessary for poly-
disperse particle distribution (Shire et al., 2020). In 
this work, the maximum pile velocity (𝑣𝑧,𝑚𝑎𝑥) when 
the pile tip is at a certain depth is calculated based on 
the approach of (Sharif et al., 2020) 
 
Figure 3 Cluster arrangement and comparison with the par-











where the inertial number I is equal to 10-2, d50 is the 
average particle diameter of the central zone, 𝑝0
′  is 
the initial confining pressure at the considered depth 
and 𝜌𝑠  is the particle unit weight. The penetration 
rate is increased stepwise as the pile tip reaches 
greater depths, in order to minimise the CPU time 
while maintaining quasi-static conditions. 
3 DISPLACEMENT-CONTROLLED 
 
The push-in piles concept was first simplified by sim-
ulating a fully-displacement controlled installation. 
First, all piles were installed at the same penetration 
rate (synchronous phase) until 15m depth. During a 
second phase (asynchronous)., each pile is moved in-
dividually (0.5m stroke) while the other piles re-
mained fixed. The cluster moves downwards by 0.5m 
every sequence of four steps. During the first step, 
pile P1 is moved downwards while piles P2, P3 and 
P4 are fixed. P3 is moved during step 2 (other piles 
are fixed), then P2 during step 3and finally P4 during 
step 4. The imposed displacement is represented in 
Figure 5a as a function of normalised steps, one nor-
malised step being the time necessary for one pile 
stroke. Several sequences were applied during the 
asynchronous phase until the cluster reached 19m 
depth. 
Closed-ended and open-ended piles were tested to 
evaluate the effect of plugging on the installation 
force requirements. 
3.1 Macroscopic forces 
The macroscopic force acting on the pile base and 
shaft were calculated by summing the vertical com-
ponent of contact forces acting on them. The shaft 
component include contact on the outside and the in-
side if the pile was open-ended. All piles of the cluster 
had similar behaviour, therefore only the forces act-
ing on pile P1 are represented in Figure 4. Results for 
a single open-ended pile, i.e. not part of a cluster and 
installed at the same position as P1, were added for 
comparison. Figure 4c shows that during the synchro-
nous installation phase (0-15m depth), the total force 
measured is approximately 30% greater for a closed-
ended pile in the cluster than for the single pile. It is 
only 15% greater if the piles were open-ended. The 
increase in total force is due to the interaction be-
tween the piles of the cluster, while the difference be-
tween closed- and open-ended is due to the pile partial 
plugging, which will be discussed below. The shaft 
contribution is greater for open-ended piles as friction 
is mobilised on the inside and the outside of the pile. 
On the contrary, the base contribution is smaller for 
the open-ended piles. 
The asynchronous installation of the pile starts at a 
depth of 15m. The measured base and total forces 
vary cyclically (Figure 4) between a peak and a low 
value. This is one of the main features of the push-in 
Figure 4 Comparison of the force acting on pile 1 (total, base only or shaft only) in three configurations: closed-ended pile cluster, 
open-ended pile cluster and single open-ended pile 
process. It can be further illustrated by inspecting the 
evolution of the base force for each pile of the cluster 
during one asynchronous sequence, i.e. each pile is 
moved downwards of 0.5m successively (Figure 5a). 
Figure 5b shows that the base force increases for each 
pile when it is pushed downwards, then decreases 
progressively when the other piles are moved. At the 
end of the sequence, the force acting on each pile is 
different, although they have all reached the same 
depth. 
It can be observed in both Figure 4 and Figure 5 
that the force necessary during a pile stroke is approx-
imately twice the force that was applied to the pile 
during the synchronous installation (phase 1, 0-15m). 
However, the total measured force (sum of P1 to P4) 
is lower than the force necessary for synchronous in-
stallation, because the compressive force decrease on 
all other piles. It should be noted that open-ended 
piles require a lower force per stroke, indicating that 
they are not fully plugged. 
3.2 Microscopic observations 
Figure 6 depicts a cross-section of force chains 
around the piles before and after pile P1 was moved 
downwards. At the beginning of the asynchronous se-
quence (Figure 6a), the force chains are not symmet-
rical, which is consistent with Figure 5b. At the end 
of an asynchronous sequence, the force acting on P4 
is the greatest, followed by the force on P2, then P3 
and P1. When P1 is moved (Figure 6b), the force 
chains acting on its base increase in magnitude. Their 
magnitude decreases on P2, but the pile remains in 
compression. It can be assumed that the fixed-dis-
placement piles adjacent to the pile being moved con-
strain the pile penetration failure mechanism. 
Figure 6 Force chains under the piles during the sequential installation of closed -ended piles, sequence begins at 19m depth 
Figure 5 Zoom-in on one asynchronous installation sequence for closed-ended piles, displacement-controlled installation 
Figure 7 depicts the particle displacement between 
the beginning (all piles at 19m depth) and the end of 
the asynchronous sequence (all piles at 19.5m). Each 
dot in the figure represents a particle, irrespectively 
of its diameter. The comparison of Figure 7a and Fig-
ure 7b shows that the installation of pile P4 mainly 
induced a displacement of the particles to the right 
(positive displacement), with only a marginal 
additional displacement of particles to the left. This 
also highlights the asymmetry of the installation pro-
cess. The last pile to be installed (P4) will be more 
constrained than the first pushed pile (P1). However, 
it is interesting to note that the displacement field at 
the end of the sequence (Figure 7b) is still fairly sym-
metrical. Although this can be due to the impose dis-
placement control. 
The plugging of the piles was measured internally 
in the open-ended piles and in the middle of the clus-
ter. The plugging behaviour is important, especially 
in the middle of the cluster, because the absence of 
soil in between the piles will inhibit stress redistribu-
tion between the different piles. The evolution of the 
plug length, measured from the base of the piles/clus-
ter, as a function of the tip depth is depicted in Figure 
8. This figure shows distinct behaviour between the 
synchronous and asynchronous installation phases. 
During the first phase, the inside of the cluster 
plugged very early and the plug length is equal to 
1.2m. This length increases rapidly when the asyn-
chronous installation sequence starts (15m depth). On 
the contrary, the open-ended piles are only partially 
plugged. At the end of the simulation, less than half 
of the pile length was filled with particles. 
However, the ratio of the smallest dimension of the 
cluster inside space (=0.5Dc) to the largest particle di-
ameter (d100) is equal to 2. The ratio of the inside pile 
diameter to d100 is equal to 3.8. There is no guidance 
available in the DEM literature on the minimum value 
of this ratio to ensure there is no particle scale effect 
on plugging behaviour. It could be expected that 
larger particles can create premature plugging of the 
cluster or the pile, similarly to the effects coarse 
gravel, cobbles or boulders could have on piles in the 
Figure 7 Horizontal displacement at the end of a sequential installation of the close-ended piles, sequence begins at 19m depth, 
displacement capped at +0.05 or -0.05m 
Figure 8 Plugging of the cluster and the individual piles for a 
displacement-controlled installation 
field. Further simulations with smaller particles or ex-
periments are necessary to verify the observed cluster 
plugging behaviour. 
4 FORCE-CONTROLLED 
The basic mechanisms of the push-in method have 
been detailed in the previous section. However, the 
necessary forces measured largely exceed what is typ-
ically available in the field. A more realistic installa-
tion process was then simulated.  
The synchronous phase took place between 0-3m 
depth. At approximately 3m depth, the force neces-
sary to jack all the piles together (penetration re-
sistance) is equal to the total dead weight of the piles 
(4 times Wpiles = 4MN) and the installation tool (Wtool 
= 20MN here). 
During the force-controlled asynchronous installa-
tion phase, each pile is pushed downwards by a 0.5m 
stroke in the same sequence as previously. However, 
while one pile is pushed downwards (the active pile), 
the other piles are moved upwards together to mobi-
lise some tensile capacity along their shaft. Therefore, 
throughout the asynchronous phase, the following 





= 𝑊𝑡𝑜𝑜𝑙 + 4𝑊𝑝𝑖𝑙𝑒 = 𝑊𝑡𝑜𝑡 (3) 
 
where 𝐹𝑧,𝑖 is the total vertical force acting at the top 
of each pile (positive in compression) and Wtot is the 
total dead weight. In the DEM, this condition is en-
sured by a servo controlling the vertical uplift dis-
placement of the reaction piles. Each pile is succes-
sively active in compression, then becomes a reaction 
pile. One sequence of cluster installation consists of a 
series of strokes applied to piles P1, P3, P2 and finally 
P4. 
Figure 10 Zoom-in on one asynchronous installation sequence for closed-ended piles, force-controlled installation 
Figure 9 Comparison of the force acting on pile 1 (total, base and shaft) and the total force acting on the cluster during the load-
controlled installation with the total force for a single pile 
The base, shaft and total vertical force related to 
pile P1 are depicted in Figure 9. Figure 9c shows that 
the total force acting on the cluster is approximately 
equal to the total weight at a depth equal to 3m. This 
was selected as the maximum penetration depth dur-
ing the synchronous phase. Below this depth, the total 
force acting on the cluster is constant and equal to the 
dead weight. 
Figure 9c also shows that the total force necessary to 
install pile P1 (as part of a cluster) is larger than the 
total force necessary if a single pile was installed. 
However, the extra force required is lower than in the 
previous displacement-controlled case. At greater 
depths (11-12m), the force necessary to install one 
pile in the cluster tends to that necessary for a single 
pile. 
In the force-controlled simulations, the reaction 
piles are moved upwards, rather than being fixed (dis-
placement-controlled). This upwards movement mo-
bilises the tensile capacity of the shaft, but will also 
reduce the constraining effect of the reaction piles on 
the active pile penetration failure mechanism. This 
explains why the vertical total force per pile is not that 
different from the force necessary to penetrate a sin-
gle pile. 
 One of the main mechanisms of the load-displace-
ment installation is the compressive load redistribu-
tion between the piles. At the end of the synchronous 
phase (3m depth), the total weight of the tool and piles 
is equally distributed between the piles. When the re-
action piles are moved upwards, the vertical total 
force is reduced and the piles can even be loaded in 
tension along the shaft (Figure 9b). Therefore, the re-
sulting compressive force (Wtot) is only balanced by 
the active pile. This happens between 3-10m depths 
in Figure 9c. Beyond this depth, the necessary instal-
lation force is greater than the dead weight Wtot. Ten-
sion must be mobilised in the reaction piles to main-
tain the equilibrium. It can be observed that as the 
depth increases, the base force in the reaction pile 
tends to zero (Figure 9a) and the shaft is mobilised in 
tension (Figure 9b). At some point, the tensile capac-
ity mobilised in all three reaction piles is not suffi-
cient to overcome the necessary penetration force and 
the installation hits refusal at approximately 12m 
depth. The refusal depth depends on the soil condi-
tions, the pile and cluster geometries. Further work is 
necessary to optimise those parameters to maximise 
the penetration depth. 
The capacity of the cluster at a depth of 12m could 
be approximated from Figure 4. Indeed, the compres-
sive capacity can be assumed as the force necessary 
to install the cluster in a synchronous manner at 12m 
depth. This force is equal to 120MN approximately. 
Therefore, it can be concluded that a 20MN weight 
tool can install a cluster whose capacity is 6 times its 
own weight.  
The corollary effect of the reaction pile uplift dur-
ing the installation, is that the average cluster 
penetration displacement reached after each sequence 
of four strokes is lower than the stroke applied to each 
individual pile (Figure 11a). As the cluster penetrates 
further down, a greater uplift displacement is neces-
sary to mobilise the full friction along the reaction 
pile shaft, reducing the efficiency of the installation. 
Consequently, more strokes will be necessary to 
achieve the target depth. 
Figure 11 shows the displacement over one instal-
lation sequence (four strokes) of each pile, as a func-
tion of the average cluster depth. In this example, the 
displacement of piles P3 and P4 is significantly lower 
than the two other piles, beyond a depth of approxi-
mately 9m. Consequently, a differential penetration 
accumulates between the piles. Although this does 
not pose any problem for the DEM simulation, this 
differential installation must be continuously cor-
rected in the field, as the installation tool cannot ac-
commodate such a large difference. 
5 CONCLUSIONS 
This paper presents numerical simulations of the in-
stallation of a novel silent piling concept. This con-
cept uses a cluster of four closely spaced piles which 
are jacked asynchronously. During one sequence of 
installation, each pile is successively pushed down-
wards of a stroke equal to 0.5m. The dead weight of 
the installation tool and the piles, together with the 
tensile capacity of the three remaining piles are used 
as a reaction for the necessary jacking force.  
Figure 11 Displacement of each individual pile at the end of one 
cycle (4 strokes) of load-controlled installation 
The DEM technique enables an insightful investi-
gation of the installation mechanisms, as both macro-
scopic forces and microscopic observations are pos-
sible. It also permits simulation of the large soil 
displacement inherent in the pile penetration process. 
The simulations compared synchronous (all piles 
together) and asynchronous (successive jacking of in-
dividual piles by 0.5m strokes) installations. It was 
shown that the asynchronous installation under a con-
stant dead weight enables the piles to reach a much 
greater depth (12m) than the synchronous installation 
(3m). This is due to the redistribution of the dead 
weight between the four piles for synchronous load-
ing, to a single pile during the asynchronous installa-
tion.  
The force necessary to install a pile as a part of a 
cluster, was shown to be greater than the force neces-
sary to install a single pile. This is due to the restrain-
ing effect of adjacent piles on the penetration failure 
mechanism. The DEM particle movements are later-
ally limited by the adjacent piles. This constraint is 
progressively reduced as the adjacent piles are moved 
upwards to provide tensile reaction for the installation 
tool. 
A vertical upwards displacement is necessary to 
mobilise the tension along the reaction pile. As a con-
sequence, the net cluster penetration displacement for 
a cycle of four strokes (one for each pile) is lower than 
the displacement imposed on each individual pile. 
This loss of efficiency increases with depth. Beyond 
a certain depth, the efficiency tends to zero and/or the 
tensile capacity of the reaction pile is insufficient to 
push the active pile further. 
This work has shown that the group push-in pile 
concept is worthy of further investigation. The nu-
merical simulations showed that a cluster of piles can 
be jacked ‘silently’ and indicated that a capacity equal 
to six times the tool weight necessary for installation. 
Further work is necessary to assess the installations 
requirements as a function of the pile spacing, predict 
the tensile capacity of the pile with depth or optimise 
the pile control to minimise the loss of efficiency for 
each asynchronous cycle. 
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